The association between inflammation and endoplasmic reticulum (ER) stress has been observed in many diseases. However, if and how chronic inflammation regulates the unfolded protein response (UPR) and alters ER homeostasis in general, or in the context of chronic disease, remains unknown. Here, we show that, in the setting of obesity, inflammatory input through increased inducible nitric oxide synthase (iNOS) activity causes S-nitrosylation of a key UPR regulator, IRE1a, which leads to a progressive decline in hepatic IRE1a-mediated XBP1 splicing activity in both genetic (ob/ob) and dietary (high-fat diet-induced) models of obesity. Finally, in obese mice with liver-specific IRE1a deficiency, reconstitution of IRE1a expression with a nitrosylation-resistant variant restored IRE1a-mediated XBP1 splicing and improved glucose homeostasis in vivo. Taken together, these data describe a mechanism by which inflammatory pathways compromise UPR function through iNOS-mediated S-nitrosylation of IRE1a, which contributes to defective IRE1a activity, impaired ER function, and prolonged ER stress in obesity.
The association between inflammation and endoplasmic reticulum (ER) stress has been observed in many diseases. However, if and how chronic inflammation regulates the unfolded protein response (UPR) and alters ER homeostasis in general, or in the context of chronic disease, remains unknown. Here, we show that, in the setting of obesity, inflammatory input through increased inducible nitric oxide synthase (iNOS) activity causes S-nitrosylation of a key UPR regulator, IRE1a, which leads to a progressive decline in hepatic IRE1a-mediated XBP1 splicing activity in both genetic (ob/ob) and dietary (high-fat diet-induced) models of obesity. Finally, in obese mice with liver-specific IRE1a deficiency, reconstitution of IRE1a expression with a nitrosylation-resistant variant restored IRE1a-mediated XBP1 splicing and improved glucose homeostasis in vivo. Taken together, these data describe a mechanism by which inflammatory pathways compromise UPR function through iNOS-mediated S-nitrosylation of IRE1a, which contributes to defective IRE1a activity, impaired ER function, and prolonged ER stress in obesity.
T he endoplasmic reticulum (ER) is the major site for the synthesis and folding of proteins, lipid trafficking, and metabolism, as well as an intracellular store of calcium. The ER is equipped with a robust adaptive response system called the unfolded protein response (UPR), which mitigates stress under many challenging conditions that interfere with folding capacity (1) . This adaptive system is mediated by three canonical signaling pathways, initiated by three lumenal sensors-inositol-requiring protein 1 (IRE1a), protein kinase RNA-like ER kinase (PERK), and activating transcription factor 6 (ATF6)-to control a complex network of adaptive responses to restore normal ER function (1, 2) . Obesity is associated with ER stress and chronic metabolic inflammation that collectively disrupt systemic glucose homeostasis (2) . However, unlike experimental ER stress in which all UPR branches are activated (3), obesity features a disproportionate production of key molecules mediating ER defenses, such as a decline in ATF6 in the presence of sustained PERK activation (4, 5) . Here, we investigated the differential regulation of the UPR branches in the liver of obese mice and revealed a mechanism that contributes to the impaired resolution of ER stress and consequent metabolic decline in the setting of obesity.
Obesity results in impaired IRE1a-mediated XBP1 splicing activity IRE1a plays an important role in maintaining ER homeostasis through initiating unconventional splicing of the mRNA encoding X-box-binding protein 1 (XBP1) to create a translational frameshift. This produces a potent transcription factor, spliced XBP1 (sXBP1), which regulates expression of genes encoding ER chaperones (6) , as well as proteins involved in phospholipid synthesis and de novo lipogenesis (7) . As shown in Fig. 1, A and B, and fig. S1A and reported previously in many independent studies (4, (8) (9) (10) , in the livers of obese mice, we observed sustained activation of the canonical ER stress sensors, indicated by increased PERK and IRE1a phosphorylation, c-Jun N-terminal kinase (JNK) activation, and increased UPR gene expression. However, the level of unspliced XBP1 protein (uXBP1) was increased in obese liver tissue compared with that of lean controls, in the absence of a corresponding increase in sXBP1, which strongly indicated a defect in the processing of uXBP1 to sXBP1 by IRE1a endoribonuclease activity, despite the robust IRE1a phosphorylation and JNK activation (Fig.  1A) . In contrast, in lean mice, most of the uXBP1 was converted into the spliced form. In addition, we detected a marked decline in the expression of hepatic sXBP1, as well as its target ER chaperone genes, at later stages of disease in both genetic (ob/ob) and high-fat diet (HFD)-induced models of obesity (Fig. 1B and fig. S1A ).
To determine whether the progressive decline in XBP1 splicing also affected the direct regulation of potential sXBP1 target gene expression, we performed chromatin immunoprecipitation (ChIP) assays in primary hepatocytes from ob/ob mice and matching lean controls. Promoter occupancy of several sXBP1 target genes-including ER chaperones [glucose-regulated protein of 78 kD (Grp78) hypoxia up-regulated 1 (Hyou1 or ORP-150), and protein disulfide isomerase family A member 3 (Pdia3)], as well as genes involved in protein degradation, such as ER degradationenhancing a-mannosidase (EDEM), and glycosylation, such as mannosyl (a-1,6-)-glycoprotein b-1,2-N-acetylglucosaminyltransferase (Mgat2)-was readily detected in the lean samples but markedly diminished in the ob/ob hepatocytes (Fig. 1C) . These results demonstrated that both the expression and activity of sXBP1 are defective in liver cells from obese mice despite phosphorylation and sustained activation of IRE1a.
Next, we examined sXBP1 expression in the livers of HFD-fed mice, as well as lean controls [regular diet (RD)], upon experimentally induced ER stress. As shown in Fig. 1D , injection of the chemical stress inducer tunicamycin acutely induced the production of sXBP1, but this effect was suppressed in the livers of HFD mice. In a second model, HFD or RD mice were transduced with adenovirus-mediated full-length XBP1. As shown in Fig. 1D , in the setting of obesity, the production of sXBP1 was significantly reduced compared with that of lean controls. Next, we asked whether the decrease in sXBP1 expression in obesity was directly related to impaired ribonuclease activity of IRE1a. In an in vitro splicing assay using endogenous IRE1a protein immunopurified from mouse liver, we observed a significant decline in IRE1a-mediated XBP1 processing in samples from obese mice (both ob/ob and HFD) compared with lean controls (Fig. 1E) .
Metaflammation is associated with impaired XBP1 splicing
Because IRE1a phosphorylation remained intact in the obese livers but XBP1 splicing activity was markedly diminished, we hypothesized that a phosphorylation-independent, obesity-induced modification of IRE1a might underlie the selective inhibition of its ribonuclease activity. Obesity is characterized by chronic metabolic inflammation, termed metaflammation (11) (12) (13) (14) , and numerous inflammatory signaling cascades exhibiting aberrant activity in obesity share a common feature: a marked increase in inducible nitric oxide synthase (iNOS) expression (15) . Indeed, induction of iNOS and nitric oxide (NO) production is observed in many inflammatory diseases (16, 17) . We noted that the decline in the expression of sXBP1 in liver tissue of obese animals coincided with markedly increased iNOS expression in both dietary and genetic obesity models (Fig. 1F) , whereas endothelial NOS (eNOS) expression levels were similar between lean and obese tissues, and neuronal NOS mRNA expression was not detectable. To examine whether the nitrosylationmediated inhibition of the IRE1a ribonuclease activity was a function of iNOS induction as part of metaflammation, we tested the influence of suppression or overexpression of iNOS on XBP1 splicing in primary hepatocytes. Suppression of iNOS expression resulted in enhanced thapsigargin (Tg)-induced XBP1 splicing in primary hepatocytes isolated from lean mice (Fig.  1G) . In contrast, reconstitution of iNOS in primary hepatocytes isolated from iNOS-deficient mice resulted in a significant decrease in Tginduced sXBP1 generation and Grp78 expression ( fig. S1, C and D) . To examine whether the IRE1a ribonuclease activity was regulated by iNOS induction, we performed in vitro splicing assays in ob/ob liver tissue after in vivo small hairpin RNA (shRNA)-induced suppression of iNOS; expression was reduced more than 75% ( fig. S1E ). iNOS suppression in vivo led to markedly enhanced IRE1a-mediated XBP1 splicing (Fig.  1H) . Consistent with the established role of ER stress in insulin resistance, we observed significantly enhanced hepatic insulin signaling assessed by insulin-induced phosphorylation of insulin receptor and Akt ( fig. S1, F and G) . There was also a decrease in serum glucose and significantly enhanced systemic glucose tolerance in ob/ob mice after the suppression of hepatic iNOS (fig. S1, H and I). Taken together, these results demonstrate that iNOS is a critical mediator of hepatic IRE1a ribonuclease activity, with consequences for systemic glucose homeostasis.
Nitrosative stress results in IRE1a S-nitrosylation S-Nitrosylation-the covalent attachment of a nitrogen monoxide group to the thiol side chain of SCIENCE sciencemag.org 31 Expression of hepatic UPR modulators in 7-, 12-and 16-week-old ob/ob mice relative to lean controls (dashed line indicates lean level), n = 4. (C) ChIP assay examining XBP1 target gene occupancy in primary hepatocytes from 16-weekold ob/ob and lean mice. Data were normalized to 2% input, followed by comparison to each immunoglobulin G (IgG) control (n = 4). Data are representative of results from two independent sets of mice. Asterisk (*) indicates statistical significance between lean and obese mice in (B) and (C). Statistical analysis was performed by multiple t tests and significance was determined by the Holm-Šídák method using Prism (B) and Student's t test (C). AU, arbitrary units. (D) sXBP1 was examined in the livers from lean (RD) and obese (HFD-fed) mice injected with vehicle (V), or tunicamycin (TN, 6 hours, 0.5 mg/kg per kg body weight). sXBP1 expression was also examined in the livers from control mice fed RD or HFD transduced with full-length XBP1 (RD-XBP1, HFD-XBP1) or lean controls (RD-XBP1). Asterisk (*) indicates statistical significance between treatments within the control group, and # indicates statistical significance between RD and HFD [one-way analysis of variance (ANOVA) followed by post hocTukey's test], n = 6 to 8 mice. (E) In vitro splicing assays measuring the XBP1 splicing efficiency using hepatic IRE1a from mice with dietary (HFD) and genetic (ob/ob) obesity and controls. sXBP1 expression was examined by qRT-PCR. Results are normalized to lean samples. Asterisk (*) indicates statistical significance between lean and obese mice (Student's t test, n = 3). Data are representative of results from two independent sets of mice. (F) iNOS and eNOS mRNAs were examined in livers of 7-and 16-week-old ob/ob or HFD-fed mice and lean controls by qRT-PCR. Asterisk (*) indicates statistical significance between lean and obese mice (Student's t test), n = 4 to 6. (G) sXBP1 expression was examined by qRT-PCR in primary hepatocytes from lean mice transduced with Ad-shiNOS (iNOS.sh) or control virus (LacZ.sh) followed by treatment with thapsigargin (Tg+) for 2 hours, n = 4. (H) In vitro XBP1 splicing assay using IRE1a purified from the livers ob/ob mice after iNOS suppression (normalized to IgG control). Asterisk (*) indicates statistical significance between treatments and controls, and # indicates statistical significance between iNOS.sh group and LacZ.sh group (one-way ANOVA followed by post hocTukey's test). All data are shown as means T SEM. Data are representative of results from two independent sets of mice. *P < 0.05; #P < 0.05.
cysteine residues-has emerged as a mechanism for dynamic, posttranslational regulation of proteins, including UPR regulators, such as PDI (18) . Thus, we next determined whether nitrosylation induced by iNOS-mediated NO production could regulate IRE1a ribonuclease (RNase) activity. For this, we first examined the alterations in general protein S-nitrosylation (SNO) in the livers of lean and obese mice using a biotin switch method (19, 20) . There was a significant increase in hepatic protein S-nitrosylation in both dietary and genetic models of obesity ( Fig. 2A and fig. S2A ). Because protein nitrosylation is highly regulated by glutathione levels (21, 22) , we examined the amount of glutathione in its reduced form (GSH) in the livers of ob/ob mice and lean controls and observed a significant decrease in GSH in the livers of ob/ob mice ( fig. S2B ), consistent with potentially decreased denitrosylation capacity in the obese condition. To determine whether altered nitrosylation status may affect ER function, S-nitrosylated proteins were isolated from the livers of ob/ob mice and lean controls, followed by detection of proteins critical to ER stress and adaptive responses. These experiments demonstrated that several ER chaperones, such as calnexin and protein disulfide isomerase (PDI), exhibited increased nitrosylation (Fig. 2B) , as did the insulin receptor (IR), as has been previously reported (23) . Of note, we detected significantly enhanced S-nitrosylation of IRE1a in the livers of both ob/ob mice and HFD-induced obese mice compared with lean controls (Fig. 2B and fig. S2C ). These data identified IRE1a as a target for S-nitrosylation and raised the possibility that alterations in IRE1a function in the obese liver may result from its modification by this mechanism.
To examine the direct effect of NO production on IRE1a-mediated XBP1 splicing, IRE1a
-/-mouse embryonic fibroblasts (MEFs) were reconstituted with FLAG-tagged human IRE1a, followed by treatment with tumor necrosis factor-a (TNFa), a key inflammatory mediator in the induction of NO synthesis. TNFa pretreatment significantly dampened Tg-induced production of sXBP1 ( fig. S2D ). However, the TNFa-mediated suppression of XBP1 splicing was relieved when the experiment was performed in the presence of an iNOS inhibitor, S2E ). To confirm that the NO-mediated decrease in XBP1 splicing under ER stress conditions was caused by impaired IRE1a ribonuclease activity, we performed an XBP1 in vitro splicing assay using IRE1a purified from cells treated with Tg and/or TNFa, and in the absence or presence of an iNOS inhibitor. IRE1a from Tg-treated cells mediated robust XBP1 splicing in vitro, whereas this XBP1 splicing activity was significantly inhibited by TNFa treatment and rescued by inhibition of iNOS (Fig. 2C) . We further examined the S-nitrosylation state of IRE1a in the presence of NO. First, IRE1a
-/-MEFs were reconstituted with FLAG-tagged IRE1a; the cells were then treated with TNFa in the presence or absence of iNOS or iNOS inhibitor, followed by a biotin switch assay. TNFa treatment resulted in S-nitrosylation of IRE1a, which was further enhanced by iNOS overexpression and reduced by iNOS inhibition (Fig. 2D) . Furthermore, in vivo, iNOS suppression in liver tissue of ob/ob mice led to decreased S-nitrosylated IRE1a, which was associated with enhanced expression of Grp78 and reduced levels of CHOP expression and IRE1a and JNK phosphorylation, which indicated overall improvement in ER function and reduced ER stress ( fig. S2, F and G) . These data demonstrated that increased iNOS activity in cells results in IRE1a nitrosylation and inhibition of its ribonuclease activity, which may contribute to the decline in ER function in the presence of an inflammatory signal. We next sought to identify the relevant Snitrosylated cysteine residues in human IRE1a, focusing on Cys 931 (C931) and Cys 951 (C951), the cysteines in the RNase domain. In the presence of a chemical NO donor, GSNO, mass spectrometry (MS) analysis revealed S-nitrosylation of both (C931) and (C951) on human IRE1a peptides (Fig.  2E and fig. S2H ). We generated a variant IRE1a with alanine substitutions at these residues to prevent S-nitrosylation (IRE1-M1+2), and introduced this variant into primary hepatocytes isolated from mice with hepatocyte-specific IRE1a deletion (24), along with wild-type (WT) IRE1a and an IRE1a with a mutation in its RNase domain (IRE1-RD). Treatment with Tg induced XBP1 splicing in cells reconstituted with the WT IRE1a, but not in cells expressing IRE1-RD (Fig. 2F) . Consistent with our previous findings, in cells expressing the WT IRE1a, TNFa treatment resulted in a significant decrease in Tg-induced XBP1 splicing. However, this inhibitory effect of TNFa on ER stress-induced XBP1 splicing was ameliorated in hepatocytes expressing the IRE1-M1+2 variant (Fig. 2F) , which likely reflects an improved adaptive capacity in these cells. We also reproduced these results in IRE1a -/-MEFs reconstituted with WT IRE1a or IRE1a with single substitutions in the same two nitrosylation sites ( fig. S2I ). Taken together, these experiments in two cellular systems clearly demonstrate that IRE1a S-nitrosylation results in diminished ribonuclease activity and that this inhibition could be prevented by the mutation of target residues in vitro.
S-Nitrosylation impairs IRE1a oligomerization and RNase activity
To gain insights into how S-nitrosylation affects IRE1a RNase activity, we next modeled the relevant residues on the previously published crystal structure of human IRE1a (PDB 3P23) using the "S-nitrosator" Python script (25) . As shown in Fig. 3A , C931 and C951 are exposed to a solventaccessible area of the protein complex, where they are available for S-nitrosylation. Furthermore, because C931 and C951 are equally proximal to the RNA cleavage site and the protein dimerization interface, this modification could potentially prevent binding of another negatively charged molecule (such as XBP1 RNA) or could alter the oligomerization of IRE1a. Either of these outcomes may compromise IRE1a splicing activity (26) and provide a mechanistic explanation for the reduction of XBP1 splicing. We then performed an in vitro cleavage assay to detect the direct effect of S-nitrosylation on IRE1a-mediated XBP1 processing, using a purified cytosolic portion of the human IRE1a (amino acids 465-977, IRE1c) and a fluorescence resonance energy transfer (FRET)-quenched XBP1 RNA minisubstrate (27) . Chemical NO donor treatment impaired IRE1c-mediated XBP1 cleavage in a dose-dependent manner (Fig. 3B and fig. S3, A  and B) . In addition to the unique, unconventional splicing of XBP1, IRE1a RNase activity is also directed toward other substrates, including a process known as IRE1-dependent decay of mRNA (RIDD) (28) . In an in vitro cleavage assay, we found that S-nitrosylation resulted in impaired cleavage of a FRET-RIDD RNA substrate, namely, secreted protein acidic and rich in cysteine (SPARC) (29) , which suggests that in vitro, nitrosylation may result in a general impairment in IRE1a RNase enzyme activity ( fig. S3C ).
We next asked whether S-nitrosylation of IRE1a affected XBP1 recognition using an ultraviolet SCIENCE sciencemag.org 31 (UV) cross-linking and immunoprecipitation assay (CLIP) (30) . IRE1a -/-MEFs were first reconstituted with WT or S-nitrosylation-resistant IRE1a, followed by treatment with Tg in the absence or presence of TNFa. After UV cross-linking, the IRE1a complexes were immunoprecipitated, followed by RNA isolation, and the unspliced XBP1 abundance was quantified by reverse transcription polymerase chain reaction (qRT-PCR). Tg treatment induced IRE1a interaction with uXBP1, and this was slightly (but not significantly) decreased by TNFa treatment (Fig. 3C and fig. S3D ).
As a complimentary approach, we used a fluorescence polarization assay (31) to address this same question. In this experimental setting, we assessed the physical interaction between IRE1a and an RNase-resistant RNA analog of HP21 RNA (dCdCdGdCdAdG) (32) . NO donor treatment did not alter the C-terminal fragment of IRE1 (IRE1c) binding to HP21 RNA (Fig. 3D) (34) , the IRE1a RNase output, and consequently the determination of cell fate (35) . There is also evidence showing that the IRE1a RNase output can be directed toward XBP1 splicing or RIDD by IRE1a kinase inhibition (36) or alteration of oligomerization (35). As described above, the nitrosylation of cysteine residues could modify oligomerization and could lead to reduced general or substrate-specific IRE1a RNase activity. Indeed, in vitro, NO treatment of IRE1c decreased protein oligomerization (Fig. 3E) . In this experiment, we also noted altered IRE1c mobility in the presence of GSNO treatment, which we reason might be caused by additional modification, such as S-glutathionylation, which can also occur after GSNO treatment (37) . A similar pattern of reduced higher-molecular-weight oligomers were also observed in obese liver tissue compared with lean controls. Last, it has been suggested that several IRE1a protein partners, such as Bcl2 family proteins and Hsp90 could alter IRE1a-mediated XBP1 splicing (38) . However, we did not observe significant changes in these interactions in the presence of NO inducers ( fig. S3F ). In summary, these data suggest that S-nitrosylation of IRE1a does not impair recognition of substrates or interaction with protein partners, but does alter oligomer formation, ultimately decreasing RNase activity toward XBP1 ( fig. S3G ).
S-Nitrosylation of IRE1a contributes to the obesity-induced decline in glucose homeostasis
Our experiments demonstrate that inflammationrelated nitrosylation impairs IRE1a splicing activity. To more definitively determine whether this mechanism underlies the metabolic decline observed in obesity and whether inhibiting IRE1a nitrosylation could result in metabolic benefit, we exogenously expressed WT IRE1a, as well as the nitrosylation-resistant IRE1-M1+2 variant, in the liver of ob/ob mice. We reasoned that in the obese liver, exogenous WT IRE1a would be subject to nitrosylation and would be compromised in its ability to produce sufficient sXBP1, whereas the IRE1a variant would be resistant to modification by NO and therefore would exhibit positive metabolic activity. We first validated the S-nitrosylation status of the exogenously expressed IRE1a in primary hepatocytes from these mice by performing a biotin switch assay. There was a marked reduction in the S-nitrosylation of IRE1a in hepatocytes expressing IRE1-M1+2 variant compared with those expressing the WT form of IRE1a (Fig. 4A) . We found that expression of WT IRE1a did not lead to an improvement in hepatic insulin sensitivity, whereas expression of the S-nitrosylation-resistant IRE1a mutant enhanced hepatic insulin action in ob/ob mice as measured by insulin receptor and Akt phosphorylation (Fig. 4B and fig. S4A ). In addition, expression of the nitrosylation-resistant IRE1a mutant resulted in decreased JNK and IRE1a phosphorylation compared with the WT IRE1a, which indicated an improvement in hepatic ER stress in these animals. In glucose tolerance tests, ob/ob mice expressing the S-nitrosylation-resistant form of IRE1a exhibited a marked improvement compared with controls (Fig. 4C) . There was also a modest improvement in glucose metabolism in mice expressing the WT IRE1a compared with controls. This effect may reflect residual IRE1a activity resulting from interactions between endogenous and exogenous molecules (34) , which could partially overcome the S-nitrosylation-mediated suppression of IRE1a. Although we found a similar increase in hepatic insulin action upon expression of sXBP1 (Fig. 4B) , we observed that expression of the nitrosylation-resistant form of IRE1a resulted in a greater improvement in glucose tolerance compared with sXBP1 expression. XBP1 is a dynamically regulated transcription factor involved in many aspects of ER function, and thus, this overexpression system may not recapitulate the physiological regulation and feedback patterns. In addition, expression of nitrosylation-resistant IRE1a may result in changes that are independent of XBP1 splicing. Of note, the level of nuclear sXBP1 was significantly increased in the liver of ob/ob mice overexpressing the mutant IRE1a compared with those expressing the WT IRE1a (Fig.   4D) . These experiments clearly demonstrate that expression of a nitrosylation-resistant IRE1a or replenishment with spliced XBP1 can restore insulin action and glucose tolerance in obese animals.
Finally, considering the possibility that this experimental setting may not rule out the potential influence of endogenous IRE1a expression in obese mice, we tested the function of nitrosylationresistant IRE1a on XBP1 splicing and glucose metabolism in the absence of endogenous IRE1a in vivo. For this, we first deleted endogenous IRE1a using adenoviral expression of Cre in IRE1a -floxed mice (IRE1 LKO ), followed by restoration of hepatic IRE1a with either WT IRE1a or the IRE1-M1+2 variant. Whereas overexpression of WT IRE1a resulted in a low level of XBP1 splicing, the expression of sXBP1 and its downstream genes was greatly enhanced in mice expressing the nitrosylation-resistant variant (Fig. 4E and fig.  S4B ). Notably, in this system, residual endogenous IRE1a expression did contribute to a low level of sXBP1 production in IRE1 LKO mice. Unlike the in vitro cleavage assay performed on one synthetic target ( fig. S3C ), among endogenous RIDD target genes we tested, we did not find significant differences in gene expression when WT IRE1a or the nitrosylation-resistant variant was expressed ( fig. S4C ), which might be due to the complexity of regulation of these genes in vivo. Deletion of IRE1a in liver resulted in a modest impairment of glucose homeostasis compared with control mice with intact endogenous IRE1a or IRE1a-deficient mice restored with WT IRE1a, as determined by glucose tolerance tests (Fig. 4F) . Remarkably, expression of the IRE1-M1+2 variant in liver of IRE1a-deficient mice resulted in the greatest improvement in glucose homeostasis compared with all other groups (Fig. 4F) . This improvement was accompanied by decreased JNK phosphorylation and increased expression of chaperones Hsp90 and Grp78 ( fig. S4, D and E) . Last, we observed an increase in IRE1a oligomerization in the livers from IRE1 LKO mice with restoration of the IRE1-M1+2 compared with WT IRE1a (fig.  S4F ). Although we cannot rule out the possibility of additional effects of the cysteine to alanine mutations in IRE1a, taken together these data demonstrate that prevention of S-nitrosylation of IRE1a at the RNase domain improves hepatic IRE1a-mediated XBP1 splicing and glucose homeostasis.
Discussion
In this study, we have defined a mechanism through which obesity-related chronic inflammation cripples the most conserved branch of the UPR and impairs ER function. Increased hepatic iNOS action results in S-nitrosylation of IRE1a, which in turn results in the inhibition of its ribonuclease, but not kinase, activity and prevents the generation of sufficient levels of sXBP1 while promoting high levels of JNK activity. The data presented here indicate that iNOS-mediated nitrosylation of IRE1a is a critical component contributing to impairment of the UPR and prolonged ER stress in the presence of chronic metabolic and inflammatory stress. Consequently, reversal of this sequence of events, at the level of iNOS, sXBP1 production, or IRE1a nitrosylation, all promote ER homeostasis and result in substantial metabolic benefits. It has been reported that obesity results in decreased sXBP1 nuclear translocation or stability (4, 39, 40) ; our observations provide a molecular mechanism underlying the defective hepatic XBP1 splicing in obesity, which may be a critical determinant of ER function in metabolic homeostasis.
Previous studies have demonstrated that the N terminus of IRE1a senses stress signals from the ER lumen, which leads to autophosphorylation, which, in turn, activates the C-terminal RNase domain to catalyze site-specific RNA cleavage (1) . Furthermore, IRE1a RNase activity can be either up-or down-regulated through selective targeting of its kinase domain by chemical inhibition (1, 41, 42) . Ghosh et al. showed that the type II IRE1 kinase inhibitor KIRA6 blocks IRE1a RNAse activity through inhibiting oligomerization, which protects against b cell degeneration and ameliorates hyperglycemia in the Akita mouse model (35) . Our findings suggest that S-nitrosylation of IRE1a uncouples kinase and RNase functions of the protein and that inhibition of S-nitrosylation of IRE1a results in enhanced XBP1 splicing, reduced JNK activity, and improved glucose homeostasis in ob/ob mice. Therefore, the regulation of the dual functionalities of IRE1a is complex and multitiered and that the contribution of sXBP1-mediated gene expression, as well as JNK activation, to metabolic homeostasis is fundamentally different between these two mouse models. IRE1a kinase inactivation is predicted to block JNK activation, which may exert a dominant protective effect in the Akita model, which is marked by b cell death (36, 43) . On the other hand, preserving the IRE1a-XBP1 axis and, consequently, proper ER homeostasis also leads to suppression of JNK in the liver and recovery of metabolic responses (8, 44) .
Finally, our findings indicate that the inflammatory pathways activated in obesity are intimately linked to the UPR and provide strong evidence that inflammatory mechanisms may act upstream of ER dysfunction by compromising the adaptive UPR in conditions of chronic metabolic excess and stress. It will be interesting to examine these interactions in additional tissues that exhibit metaflammation, such as adipocytes in obesity. We suggest that there may be important translational implications of these findings in designing therapeutic interventions against immunometabolic diseases, such as obesity and diabetes, as well as other chronic inflammatory conditions that feature ER dysfunction, to enable the physiological tone of the ER adaptive responses rather than artificially introducing individual components. 3) . Conventionally, the origin of such non-Fermi liquid (NFL) behavior is attributed to the strong damping of the quasiparticle's lifetime by quantum critical fluctuations of an underlying order parameter (4) (5) (6) (7) (8) (9) .
Physics delineates between the concept of a phase, occupying a finite parameter region of ground state, and quantum critical points, appearing at the transition between phases. Although the possible existence of strange metal phases with NFL behavior, occupying a finite region of the ground-state phase diagram, has long been speculated (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , the close proximity of such phenomena to magnetic instability and a strong sensitivity to impurities has impeded an experimental confirmation of this idea. One of the most challenging questions is whether a fully paramagnetic strange metal phase is possible without magnetic criticality, retaining full symmetry of the underlying crystal structure.
Many prototypical quantum critical (QC) materials have been found within the class of 4f heavy-fermion compounds. The highly tunable characterstic energy scales and availability of high-purity crystals make them ideal candidates for the study of quantum criticality (2, 3) . In these materials, quantum criticality develops from a competition between local moment magnetism and the conduction electron screening of the local moments (the Kondo effect). Most QC heavyfermion materials are known to have an almost integral valence that stabilizes the local moments considered essential for the criticality.
An exception to this rule is b-YbAlB 4 , which exhibits quantum criticality despite strong mixed valency (20) (21) (22) (23) . Ultrapure single crystals of this material exhibit intrinsically singular thermodynamic and transport behavior up to an upper limit scale of several K, including a divergent temperature (T) dependence of the magnetic susceptibility˜T −1=2 and an anomalous T 3=2 dependence of the electrical resistivity, both of which are extremely sensitive to a magnetic field B (20, 22, 23) . In particular, T/B scaling of the magnetization has been observed over four decades of T/B, projected to extend down to fields as small as 0.1 mT (22) . However, the observation of intrinsic quantum criticality as a function of field does not rule out the possibility that this phenomenon is merely a fine-tuned coincidence of lattice structure. Here, we demonstrate that the intrinsic quantum criticality of b-YbAlB 4 is not fine-tuned but instead occupies an extended island of pressure in the phase diagram, indicating a formation of a phase without any symmetry breaking external fields for stabilization. Furthermore, we show that the strange metal region is clearly surrounded and separated from a highpressure magnetic instability by a finite pressure range of Fermi liquid behavior.
Our main experimental observation is that of an extensive region of the strange metal behavior, which evolves to a Fermi liquid phase (Fig. 1) . We employed ultrapure crystals of b-YbAlB 4 with residual resistivity ratio (RRR) = 300 (with residual resistivity r 0 of < 0:5 mWcm and mean free path of >1000 Å) and performed high-precision resistivity measurements (with noise levels of
